Objectives-To evaluate normative sonographic measurements of the inferior vena cava (IVC), aorta (Ao), and IVC/Ao ratio in the first 2 days of life in term neonates.
since previous weighing is not applicable with respect to newborns, because of their postnatal physiological weight loss. The nadir of weight loss is usually observed in 2 to 5 days of life, on average at day 3. In physiological conditions, it reflects a decrease in total body water, resulting primarily from reductions in the extracellular fluid volume. This reduction is a consequence of a decrease in interstitial volume without changes in blood or plasma volumes. 3 Although we anticipate the same process of adaptation in term neonates, there is a lack of corroborating scientific evidence. In multiple clinical situations, such as congenital heart malformations, earlyonset sepsis and intrauterine growth restriction, the possibility of rapid and objective volume-status estimation would be very helpful in decision making regarding intravenous fluid therapy. Moreover, if hospital readmission is needed, clinical symptoms of dehydration in older neonates may be confused with signs of neonatal sepsis, resulting in an inappropriate diagnosis of sepsis and the initiation of antibiotic treatment.
It is known that aorta width depends on the body surface area (BSA), gender, and age in children 5 and adults. 6 Its abdominal anteroposterior diameter remains constant independent of intravascular volume. 7, 8 In contrast to the aorta, the anteroposterior width of the vena cava is associated with intravascular volume status. 9 The measurements of IVC diameter and its collapsibility index can be used as a noninvasive diagnostic tool for fluid status estimation 7, 9, 10 and acute blood loss assessment 11 in adults. Studies of the pediatric population have shown that IVC diameter is related to patient fluid status, 12, 13 with decrease in mean IVC diameter to 30% in children clinically assessed to be severely dehydrated, 8 and 40% in children undergoing hemodialysis. 13 The surveys by Chen et al 14, 15 and Kosiak et al 16 show that bedside ultrasound measurements of aorta and vena cava in their abdominal route enable calculation of the IVC/Ao ratio, 14, 16 which is lower in children clinically assessed as dehydrated 14 and increases with administration of intravenous fluid boluses. 14, 16 A study by Kieliszczyk et al 17 published in 2016 investigates the IVC/Ao ratio and IVC collapsibility index in healthy neonates and neonates with congenital heart abnormalities. There has been some controversy over the applicability of IVC measurements and IVC/Ao ratio during early neonatal adaptation due to a wide variety of patient sizes and physiological neonatal weight loss in the first days following birth; however, no other surveys involving a larger study population have been conducted. The primary objective of our study was to evaluate normal baseline measurements of the IVC and aorta diameter in healthy term neonates in their first two days of life, and to investigate the effect of postnatal weight loss in the first 2 days of life on the IVC/Ao ratio.
Materials and Methods
This prospective observational study was designed as the first part of a multicenter research project of fluid status assessment in neonates. A total of 200 term, healthy neonates born between March and November 2014 at the Guardian Angels Hospital of the Brothers Hospitallers of St. John of God in Katowice, Poland, were enrolled in this study after obtaining informed written consent from the parents. The study protocol was approved by the Bioethical Committee of the Medical University of Silesia in Katowice. All infants enrolled were born after completion of 37 (more than 36 and 6/ 7) weeks of gestation. Gestational age (GA) was determined based on the combined estimates of the first day of mother's last menstrual period and an early firsttrimester ultrasound examination. All study participants were born in good condition, with Apgar scores of 8 to 10 at 1, 3, and 5 minutes after birth, remained stable for 48 hours after birth, and did not have hyperbilirubinemia that required phototherapy. All neonates were rooming in with their mothers. The exclusion criteria were multiple pregnancy, congenital defects, chromosomal or other genetic abnormalities, and abnormal values in pulse oximetry test to screen infants for congenital heart defects in the first 12 hours of life. The neonates were divided into groups based on gender, mode of delivery (vaginal with and without instrumental support; cesarean delivery including 22 cases of secondary cesarean delivery as a result of acute fetal distress), GA, and birth body weight and length. Body surface area was measured according to the Dubois formula: BSA (m 2 ) 5 weight 0,425 (kg) 3 height 0,725 (m) 3 71.84. 6, 18 Demographic characteristics of the study participants are presented in Table 1 .
Body mass measurements of each neonate were taken every 24 hours by using the exact same digital scale. All ultrasound examinations were performed with an Acuson X300 (Siemens Medical Solutions, Mountain View, CA) using a C8-5 microconvex probe. During the examinations, neonatal pain and stress-reducing measures (nonnutritive sucking, a few drops of Dextrose 20% solution on tongue) were used if needed.
The first ultrasound examination was performed between 12 and 24 hours of life, mostly in parental presence. An abdominal ultrasound examination was performed according to standard procedures.
During the examination, anteroposterior diameters of inferior vena cava (IVC) and aorta (Ao) were measured. The infants were placed in the supine position. The transducer was placed over the subxiphoid region and a longitudinal image of each vessel was obtained three times for every measurement. Every two-dimensional (Bmode) image in the form of cine-loop was analyzed frame by frame to find vessel maximal dimension, then anteroposterior diameter of the vessel was measured from inner wall to inner wall. The maximal anteroposterior diameter of the IVC was measured during the expiratory phase of the respiratory cycle approximately 1 cm beneath the confluence of the hepatic vein, where the IVC walls were parallel to each other ( Figure 1 ). During the recording of cine-loop images, the examiner searched for the optimal position to capture the best dimension with the probe angling slightly laterally and medially from the sagittal plane. Maximal anteroposterior diameter of Ao was obtained during systole of the cardiac cycle approximately 1 cm above the superior mesenteric artery (Figure 2 ). From the three recorded measurements obtained for each vessel, the one with the highest value was selected. During the examination, abdominal compression was avoided. All ultrasound imaging was performed by one investigator (A.J.-L.). The examiner is a pediatric and neonatal specialist who is certified in pediatric ultrasonography by the Polish Ultrasound Society. In the first 36 to 48 hours of life, the measurements of inferior vena cava and aorta were repeated using the same procedure. To assess the reliability of measurements, the examiner was blinded to the first-day measurements during the second examination. For all neonates, consecutive measurements of body mass were taken, and weight losses expressed as a percent of BW were calculated. For every pair of measured IVC and Ao diameters, the IVC/Ao ratio was calculated separately for each day. The results are presented in Table 2 .
Statistical analyses were performed using STATIS-TICA 12.0 PL for Windows software package (StatSoft, Tulsa, OK). Regarding the normality of data and homogeneity of variance between groups, Shapiro-Wilks and Levene tests were used, respectively. Subsequently, nonparametric statistical tests were performed: KruskalWallis by ranks and the median test to determine the differences between the groups and Spearman's rank test to evaluate associations among the selected parameters. In all statistical tests, P values below .05 were considered as statistically significant.
Results
In the study population of 200 neonates, all measured IVC and Ao abdominal anteroposterior diameters were proportionally related to gestational age, with P 5 .017 and .006, respectively ( Figure 3, A and B) . The calculated IVC/Ao ratio remained at a constant 0.61 (95% confidence interval [CI], 0.38-0.91). The correlations between physiological adaptations to weight loss expressed as a percent of BW, vessel diameters, and IVC/Ao ratio were evaluated. The Ao width negatively correlated with weight loss. The calculated correlation coefficients were R 5 -0.91 in the 24th hour and R 5 20.05 in the 48th hour, both statistically insignificant (P 5 .19 and P 5 .49, respectively). In the first 24 hours of life, the association with IVC was statistically significant (P 5 .03). The opposite was found for those calculated in the 48th hour (P 5 .78). The correlation coefficients were also negative in the 24th and 48th hour (R 5 -0.14 and R 5 -0.02, respectively). The IVC/Ao ratio negatively correlated with weight loss. Calculated correlation coefficients were R 5 -0.07 (P 5 .28) in the 24th hour and R 5 -0.01 (P 5 .84) in the 48th hour.
The correlation between IVC and Ao diameters and BSA in the newborns was verified. An increasing correlation between BSA and Ao, and IVC diameters was observed, whereas coefficient IVC/Ao remained constant within range error (Figure 4 , A-C). The observed tendencies remained the same (standard deviation [SD] 5 0.04) if one used other methods to perform the BSA calculation. The tendencies analyzed previously were investigated across specific groups. The infants were divided into groups according to birth weight and length: weight to 2999 g, 3000 to 3499 g, 3500 to 3999 g, above 4000 g, length up to 55 cm, and above 55 cm. However, the population in each group was not large enough to obtain statistical significance; therefore, the results were not credible. Yet, the analysis demonstrated tendencies similar to those involving the entire group of study participants. In infants whose weight loss at 48 hours of life was less than 8% of BW, the IVC/Ao ratio in the first day of life was 0.61 (SD 5 0.071) (95% CI, 0.44-0.92) and in the second day was 0.62 (SD 5 0.061) (95% CI, 0.33-0.89). For weight loss more than 8% of BW, the IVC/Ao ratio was constant 0.60 (SD 5 0.09) during the first 48 hours of life. The differences between the IVC/ Ao ratio in neonates with weight loss greater than 8% of BW and with smaller weight loss were not statistically significant (P > .05), but the population in the group was too small to obtain reliable statistics.
It was interesting to investigate whether there were any gender-specific associations among the analyzed parameters. We found statistically significant differences between gender groups with regard to body weight (P 5 .002) and birth length (P < .001); larger parameters were found for males (Tables 1 and 2 ). For the IVC parameter, differences were noted only in the 48th hour, whereas for the Ao parameter, differences were noted in the 24th hour. For the IVC/Ao ratio, no differences were observed.
Discussion
A point-of-care ultrasound examination is a wellestablished diagnostic method used widely in emergency and intensive care medicine. Ultrasound measurements of abdominal inferior vena cava diameters have been studied both in adults and children to assess intravascular volume status in various clinical conditions. 7, 11, 13 Since the first studies exploring the diagnostic performance of the IVC ultrasound examination, some challenges of this examination technique have been discovered.
The IVC is a vessel with high compliance, and its anteroposterior diameter changes depend on the respiratory phase-the characteristics of which are used in calculating the IVC collapsibility index. In the respiratory cycle, the IVC moves relative to the ultrasound transducer in the craniocaudal and mediolateral directions. 19 The movements and collapse of the vessel during the respiratory cycle occur not at true vertical (90 8), but 25 8 off this axis, which may cause errors in measurements. 19 These characteristics should be taken into consideration during the IVC examination. Furthermore, the IVC usually takes an oval shape in the transverse plane, and during the examination in the longitudinal plane the IVC anteroposterior diameter may be underestimated when the ultrasound beam goes through the vessel in an off-centered plane. The difference in minimal and maximal IVC anteroposterior diameters was investigated by Sato et al, 20 and the results showed a significant correlation with central venous pressure, but all examinations were performed in sedated, mechanically ventilated neonates, which facilitated measurements. In our study, the dimensions of all vessels were measured after visual estimation in the longitudinal plane and Bmode. A possible range of error between the measurements taken in imaging in the longitudinal view and transverse view is not clear. This technique was selected because it created a quick visualization of vessels and was proved equally reliable to M-mode. 21 All study participants were healthy, active, sometimes agitated and hungry neonates, fidgeting and breathing irregularly 30 to 50 times per minute. In such conditions, the longitudinal visualization of the vessels enabled measurements by the same distance from the anatomical markers-the confluence with hepatic vein for IVC and superior mesenteric artery for Ao. Almost all examinations were performed in the presence of parents, and although measures reducing neonatal stress were used to gain study subjects' maximal cooperation, as many as six measurements taken during one examination session were considered by parents to be rather timeconsuming. To avoid the previously described possibility of measurement errors during the examination, the neonates were placed in a position suitable for easy and rapid access to high-dimensional image (as described in the study method). There was no issue of interpreter variability, because all of the ultrasound images were obtained by a single examiner.
The aorta anteroposterior diameter correlates with age, gender, and body surface area in adults and in children. 6 In our study, we calculated the BSA in patients using the Dubois formula (the same formula used in the study by Pearce). We found a correlation between the Ao anteroposterior diameter and BSA in neonates. As the Dubois formula is not considered the most appropriate method to estimate BSA in neonates, we repeated our calculations using formulas dedicated to neonates, 18 and found that regardless of the formula used, the correlation between Ao diameter and BSA remained the same. In addition, Ao diameter correlated with gestational age.
A coefficient analyzed in our study (ie, the IVC/ Ao ratio) was found to be correlated with intravascular volume in adults and children. [14] [15] [16] The Ao/IVC coefficient was analyzed in one study, 8 but findings were consistent with the other studies. The coefficient created as a ratio of variables dependent on fluid status (IVC) to variables independent of fluid status, but dependent on GA and BSA (Ao), allows the creation of a parameter that may prove to be usable in all neonates despite their GA, body mass, and length. In previous studies, the IVC/Ao ratio was approximately 1.0 in euvolemic children, 14 and the IVC/Ao ratio of 0.8 was considered a cut-off of significant dehydration. Kosiak et al proposed for children and young adults the IVC/Ao ratio of 1.2 6 2SD for SD 5 0.17 (95% CI, 0.86-1.54). 16 In the study by Kieliszczyk et al, which looked at healthy neonates, the mean IVC/Ao ratio was 0.73 (SD 5 0.17). Authors of the study proposed that for healthy neonates, the normal IVC/Ao ratio (determined by 10th and 90th percentile for the investigated group) is 0.51 to 0.96, but in the study the measurements were performed on different days of life (personal communication with the author). Therefore, it may not reflect the vessel width in the early adaptation period. 17 In our study, the IVC/Ao ratio remained constant in the first days of life. In infants whose weight loss at 48 hours of life was less than 8% of BW, the IVC/Ao ratio in the first day was 0.61 (SD 5 0.071) and in the second day it was 0.62 (SD 5 0.061). Only six neonates had the IVC/Ao greater than or equal to 0.8 in 24 hours, and only six neonates had the IVC/Ao greater than or equal to 0.8 in 48 hours, but the neonates in those groups were varied in terms of birth and methods of birth, so we were not able to establish any common factor affecting fluid status in these patients, as the groups were too small to obtain reliable statistics. In our study, the IVC/Ao ratio was lower than in previous surveys concerning children and the neonatal study by Kieliszczyk et al. In all of our study participants, the procedures of delayed cord clamping or cord milking were applied to expand the blood volume in neonates after birth. These procedures enable blood transfusion from placenta to a neonate, and produces an increase of neonatal blood pressure 22 and central venous pressure. 23 We can assume that our participants were not depleted of blood volume as a result of delivery. However, in the first days of life, water intake is small and the combined influence of vasopressin, aldosterone, and cortisol leads to an increase of the systemic vascular resistance and decrease in pulmonary vascular resistance, while maintaining adequate blood flow to the brain and other organs. Our participants did not receive any fluids intravenously and were feeding orally (mostly breastfeeding). In this situation, the IVC/Ao ratio measured in our study may reflect physiologic adaptation of the circulatory system and not implicate dehydration but rather some kind of neonatal equilibrium. It is possible that compliance/characteristics of the IVC in response to hormonal stimulation are slightly different immediately after birth. Our findings are consistent with previous studies in very low BW preterm neonates, showing that the postnatal weight loss of 7.8% of BW resulted in a decrease in interstitial volume without changes in blood or plasma volumes. 3 The American Academy of Pediatrics 24 recommends that infants with body weight loss more than 7%, and the Academy of Breastfeeding Medicine Protocol Committee 25 8 to 10%, of BW require more frequent follow-up and feeding assessment. A Noel-Weiss et al 26 physiological weight loss systematic review from 2008 concluded that the evidence was insufficient to determine a safe upper limit of weight loss in neonates. In our study, we did find that the IVC/Ao ratio in neonates with weight loss greater than 8% of BW differed from children with smaller weight loss. This tendency was not statistically significant, but the population in the group was too small to obtain reliable statistics.
Our study, conducted as the first part of a larger study of fluid status assessment in neonates, was designed to research possible correlations among the IVC, Ao diameters, IVC/Ao ratio, and physiological parameters (birth weight, height, BSA, after BW loss) in healthy, term neonates. In the subsequent part of our study, we are going to use our study subjects as the reference group for ill neonates and preemies, and we would like to attempt to correlate our ultrasonographic measurements with biochemical determinants of body fluid, electrolytes, and acid-base homeostasis. We hope that these combined studies would help us to determine the range of IVC diameter and IVC/Ao ratio in the immediate neonatal period, and to establish validity of ultrasound measurements of IVC diameter and IVC/Ao ratio in the assessment of fluid and electrolytes equilibrium in neonates.
There are several limitations to this study. We reached the sample size of 200 patients, but we were unable to stratify for potentially important variables such as the IVC and Ao diameters in groups depending on the birth weight and length, and weight loss greater than 8% of BW. Throughout the research, a single person performed all ultrasound examinations, and the sonographic measurements were not crosschecked by another investigator for validation of measurements. All measurements were done in Bmode and longitudinal plane to shorten the examination, and because of this technique, together with agitated study participants we were not able to determine the IVC collapsibility index.
In conclusion, the IVC and Ao abdominal diameters in neonates correlate with GA and BSA, as has been observed for children and adults, and allows us to use calculations from the IVC/Ao ratio despite gestational age and the neonates' body size. The IVC/Ao ratio remains constant over the first 48 hours of life in neonates with physiological weight loss up to 8% of BW. In neonates with weight loss more than 8% of BW, future investigation is needed to determine the physiological range of the IVC/Ao ratio in the neonatal period.
